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ardiac Magnetic Resonance Features
f the Disruption-Prone and the
isrupted Carotid Plaque
aocheng Chu, MD, PHD, Marina S. Ferguson, MT, Huijun Chen, PHD,
aniel S. Hippe, BS, William S. Kerwin, PHD, Gador Canton, PHD, Chun Yuan, PHD,
homas S. Hatsukami, MD
eattle, Washington
troke is a leadingcauseof long-termdisability and is the thirdmost commoncauseofdeath in theU.S. and
estern countries. Twenty percent of strokes are thought to arise from the carotid artery. Histopatholog-
cal studies have suggested that plaquedisruption is a key factor in the etiologyof carotid-related ischemic
vents. Features associated with plaque disruption include intraplaque hemorrhage, large necrotic cores
ith thin overlying fibrous caps, plaque neovasculature, and inflammatory cell infiltrate. In vivo high-
patial-resolution, multicontrast-weighted cardiac magnetic resonance (CMR) has been extensively eval-
ated using histology as the gold standard, and has documented reliability in the identification of these
ey carotid plaque features. This pictorial essay illustrates the capability of CMR for identifying features of
isruption-prone and disrupted atherosclerotic carotid plaques. (J Am Coll Cardiol Img 2009;2:883–96)
2009 by the American College of Cardiology Foundationt
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rch gtroke is a leading cause of long-term disability
nd is the third most common cause of death in
any countries (1). Twenty percent of strokes
re thought to be related to extracranial carotid
therosclerosis (2). As a means to prevent such
erebrovascular events, carotid endarterectomy
nd carotid stenting have been advocated in
atients with high-grade carotid stenosis.
owever, the ACAS (Asymptomatic Carotid
therosclerosis Study) (3) showed that carotid
ndarterectomy reduced risk for ipsilateral
troke by only 5.9% at 5 years when compared
ith best medical management. Therefore, ad-
itional criteria, other than the degree of ste-
osis, have been sought to better identify pa-
rom the Vascular Imaging Laboratory, University of Washingto
rant RO1 HL56874. Dr. Hatsukami has received a clinical reseaanuscript received February 2, 2009; revised manuscript received Maients most at risk of complications from
arotid disease.
Based on analysis of histological findings in
arotid endarterectomy specimens, plaque disrup-
ion is believed to be a major factor in the etiology
f carotid-territory ischemic events. Features such
s intraplaque hemorrhage, large necrotic cores
ith thin overlying fibrous caps, plaque neovas-
ulature, and inflammatory cell infiltrate (4–7)
ay predispose the atherosclerotic lesion to dis-
uption. Hence, these features represent targets
or imaging techniques aimed at identifying
igh-risk, disruption-prone plaque.
Equally important is the identification of
uminal surface disruption, such as fibrous
eattle, Washington. Dr. Yuan has received NIH
rant from Hoffmann-LaRoche.rch 19, 2009, accepted March 28, 2009.
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884ap rupture, ulceration, and calcified nodules.
etrospective studies have shown that these so-
alled culprit lesion features are associated with a
rior history of recent transient ischemic attack
r stroke (8). Furthermore, they may pose a
ersistent increased risk for secondary events, as
uggested by findings from histology studies
howing evidence of repeated cap ruptures (9),
nd by findings from the NASCET (North
merican Symptomatic Carotid Endarterectomy
rial). In a subgroup analysis comparing individ-
als with and without ulcerated carotid plaques,
hose with ulcers on angiography had a 1.2- to
.4-fold increased risk for stroke (10).
As a noninvasive imaging modality with the
apability to distinguish tissue characteristics,
ardiac magnetic resonance (CMR) is an optimal
ethod for characterizing the morphology and
omposition of atherosclerotic carotid plaques
8,11–28). Multiple centers have shown that
CMR can reliably identify fibrous cap
status, the lipid-rich necrotic core, in-
traplaque hemorrhage, and vascular wall
inflammation, using histology as the
gold standard (14–21,23,29–36). Addi-
tional advantages of CMR include im-
age generation without ionizing radia-
tion or the need for invasive procedures,
which make it an ideal tool for serial,
longitudinal study of plaque progression
or regression.
Recently published clinical studies show
the potential prognostic value of CMR in
patients with moderate carotid stenosis. In
prospective study of 154 patients with 50% to 79%
arotid stenosis who were asymptomatic at the time
f enrollment, participants underwent baseline ca-
otid CMR and were contacted every 3 months to
dentify symptoms of new-onset transient ischemic
ttack or stroke (25). Twelve cerebrovascular events
ccurred ipsilateral to the index carotid artery over a
ean follow-up period of 38.2 months. Cox regres-
ion analysis showed significant associations be-
ween ischemic events and presence of a thin or
uptured fibrous cap (hazard ratio: 17.0; p 0.001),
ntraplaque hemorrhage (hazard ratio: 5.2; p 
.005), and larger mean necrotic core area (hazard
atio for 10 mm2 increase, 1.6; p  0.01) in the
arotid plaque. In another prospective study of 64
ecently symptomatic patients with 30% to 69%
arotid stenosis, baseline carotid CMR scans were
erformed to identify intraplaque hemorrhage, and
eubjects were followed up for the development of hubsequent transient ischemic attack or stroke (37).
hirty-nine (61%) of the ipsilateral arteries showed
ntraplaque hemorrhage on baseline CMR. Four-
een ipsilateral ischemic events were observed dur-
ng follow-up. Thirteen of the 14 events occurred
psilateral to carotid arteries with intraplaque hem-
rrhage (hazard ratio: 9.8, 95% confidence interval:
.3 to 75.1, p  0.03). These studies suggest that
arotid CMR may provide additional diagnostic
riteria to identify patients with moderate carotid
tenosis who are at increased risk for subsequent
troke. Although these initial results are highly
romising, larger multicenter studies are needed to
onfirm the role of carotid plaque imaging in
outine clinical practice.
This pictorial essay illustrates the capability of
MR for the identification of the disruption-prone
nd disrupted carotid plaque.
ulticontrast-Weighted CMR
he greatest strength of CMR for characterizing
therosclerotic plaque is the availability of
ulticontrast-weighted protocols using bright- and
lack-blood techniques. In the past, most applica-
ions of carotid CMR have been limited to the
valuation of stenosis using bright-blood magnetic
esonance angiography (MRA). These angio-
raphic pulse sequences produce strong attenuation
f signals from stationary tissues, limiting their
sefulness for direct imaging of the atherosclerotic
laque. Nevertheless, bright-blood MRA using a
-dimensional time-of-flight (TOF) technique pre-
ents specific contrast features that can be helpful in
dentifying certain plaque components when used
n combination with black-blood imaging (16).
lack-blood sequences rely on the elimination of
he signal from flowing blood and represent a
eneral approach for characterizing the vessel wall,
here precise identification of the lumen–wall in-
erface plays a critical role in assessment of mor-
hology and tissue composition of the atheroscle-
otic plaque (26) (Table 1). Implementation of this
ulticontrast-weighted CMR protocol has been
echnically successful in 76% to 90% of cases. Most
f the failures are attributable to poor image quality
econdary to patient motion (15–18).
Numerous studies have shown that combined
ntensity information from different contrast
eightings (Table 1) can be used to identify all
ajor plaque components, including fibrous tissue,
ipid-rich necrotic core, calcification, and intraplaqueB B R E V I A T I O N S
N D A C R O N YM S
MR cardiac magnetic
esonance
trans transfer constant
MPmatrix
etalloproteinases
RAmagnetic resonance
ngiography
OF time-of-flight
p fractional plasma volumemorrhage (8,11–28). Using established guidelines
f
m
t
e
m
(
s
p
d
m
a
i
s
t
m
fi
p
c
t
i
g
I
T
i
t
n
a
e
b
o
s
b
v
s
o
a
t
c
b
t
i
p
H
i
c
a
e
w
t
T
n
n
d
r
p
a
8
I
time
J A C C : C A R D I O V A S C U L A R I M A G I N G , V O L . 2 , N O . 7 , 2 0 0 9
J U L Y 2 0 0 9 : 8 8 3 – 9 6
Chu et al.
Disruption-Prone and Disrupted Carotid Plaque
885or the relative intensities of these features to guide
anual outlining, studies have shown that quanti-
ative characterization of plaque composition has
xcellent correlation with histological measure-
ents (14,15,17,18,23) and is highly reproducible
15). Furthermore, robust automatic classifiers,
uch as the morphology-enhanced probabilistic
laque segmentations algorithm (27,28), have been
eveloped that automate plaque compositional
easurements and achieve similar levels of accuracy
nd reproducibility. This automated segmentation
s based on the fact that various tissue contents,
uch as lipid, calcium, loose matrix, and fibrous
issue, have different signal characteristics on each
agnetic resonance weighting (28). The system
rst determines the probability that each CMR/
ixel belongs to each of the 4 tissue types (lipid,
alcification, loose matrix, and fibrous tissue). Af-
erward, it uses competing active contours (38) to
dentify the boundaries of the high-probability re-
ions for each tissue type.
dentification of Disruption-Prone Plaque Features
he thin ﬁbrous cap and lipid-rich necrotic core. Stud-
es of advanced atherosclerotic lesions suggest that
he thickness of the fibrous cap overlying the
ecrotic core distinguishes stable lesions from those
t high risk for disruption and thromboembolic
vents (8,16). The combined use of bright- and
Table 1. High-Resolution Multicontrast-Weighted Magnetic Reso
3-D TOF PDW T2W
Technique 3-D FFE 2D MS TSE 2D MS
FOV (mm) 160  160 160  160 160 
Thickness (mm) 2 2
Slice gap (mm) 1 0
Slices 48 16 1
TR/TE (ms) 20/5.0 4,000/9 4,000
Flip angle° 20 90 9
Blood ﬂow Bright blood BB BB
TSE factor — 12 1
IR (ms) — 290 29
NSA 1 1
Scan time (min:s) 1:58 3:12 3:0
For technical details please refer to Yarnykh et al. (26).
3-D TOF  3-dimensional time-of-ﬂight; BB  black blood; CE  contrast-en
MRA  magnetic resonance angiography; MS  multislice; NSA  number of
T2W  T2-weighted; TFE  turbo ﬁeld echo; TR/TE  repetition time/echolack-blood techniques can aid in the identification ff both the fibrous cap and vessel wall components
uch as the lipid-rich necrotic core (Fig. 1). Bright-
lood TOF allows for the visualization of the
ascular lumen and is capable of identifying the
tatus of fibrous cap (16). After the administration
f gadolinium diethylene triamine penta-acetic
cid, contrast-enhanced T1 weighting differentiates
he fibrous cap from the underlying lipid-rich ne-
rotic core and thus allows for the quantification of
oth components (18,21–24). Accurate quantifica-
ion of both fibrous cap and lipid-rich necrotic core
s crucial for measurement of lesion progression.
The spatial resolution of CMR is lower than the
roposed histological definition of a thin cap (18).
owever, prospective studies suggest that when an
ntact fibrous cap is visualized by CMR (categori-
ally defined as a thick cap), these individuals have
significantly lower risk for future transient isch-
mic attack or stroke compared with individuals in
hom the cap is not visualized (categorized as a
hin cap) or in whom the cap is disrupted (25).
hus, cap visualization by CMR may have prog-
ostic value. Quantification of minimal cap thick-
ess and identification of finer structures within the
iseased arterial wall will require higher spatial
esolution. Improvement in spatial resolution is
ossible with further technical development, such as
higher field strength scanner and the use of
-element phased-array carotid coils (39,40).
ntraplaque hemorrhage. Intraplaque hemorrhage is
ce Sequences on 3-T Philips Achieva Magnet
Pre- and
Post-CE
T1W Dynamic CE IR TFE
2D QIR TSE 2D MS FFE 3-D TFE multis
160  160 160  120 160  160
2 2 2
0 0 0
16 10 48
800/10 100/4.6 9.0/5.5
90 50 15
BB BB for 2 baseline scans
and 23 scans with
contrast agent
administration
—
10 — TFE factor 32
500 — 550
1 1 1
5:45 4:00 3:16
ed; DIR  double inversion recovery; FFE  fast ﬁeld echo; FOV  ﬁeld of view
al average; PDW  proton density weighted; QIR  quadruple inversion recov
; TSE  turbo spin echo.nan
BB MRA
TSE hot MS DIR TSE
160 160  160
2 2
0 0
6 6
/50 2,000/7.5
0 90
BB
2 14
0 290
1 1
4 1:15
hanc ; IR  inversion recovery;
sign ery; T1W  T1-weighted;requently observed in carotid atherosclerosis and is
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886urported to arise from plaque neovasculature (Fig.
). Microvessels can be fragile because of a lack of
upport by smooth muscle cells and focal disconti-
uity of the endothelial lining (41). Kolodgie et al.
42) suggested that intraplaque hemorrhage may
Figure 1. Automated Segmentation of Bright- and Black-Blood,
Quantiﬁcation of in vivo cardiac magnetic resonance (CMR) (TOF
outlines. The CASCADE ﬁbrous cap (FC) is an additional algorithm
the plaque is produced by the MEPPS algorithm. Loose matrix is
intraplaque hemorrhage in red on the MEPPS image. Histology f
(arrow). In vivo CMR were acquired on a 3T Philips Achieva scan
phased-array carotid coil. CASCADE  Computer-Aided System f
CEA  carotid endarterectomy; MEPPS  morphology-enhanced
T1-weighted; T2W  T2-weighted.
Figure 2. Identiﬁcation of Intraplaque Hemorrhage Using High-
Intraplaque hemorrhage in the right common carotid artery is show
sequences. Hypointense signals in both the TOF and IR TFE images
acquired on a 3T Philips Achieva scanner along with the use of an
ﬁeld echo; other abbreviations as in Figure 1.epresent a potent atherogenic stimulus by contrib-
ting to the deposition of free cholesterol, macro-
hage infiltration, and enlargement of the necrotic
ore in a histopathological study of coronary artery
pecimens. Immunohistochemical staining with the
h-Spatial-Resolution, Multicontrast In Vivo CMR
W, T2W, and CE T1W) using CASCADE to generate component
at collects FC length, depth, and area. The automated map of
wn in purple, lipid-rich necrotic core in yellow, and
CEA conﬁrms the components and the enhancing thick FC
(Best, the Netherlands) along with the use of an 8-element
ardiovascular Disease Evaluation; CE  contrast-enhanced;
babilistic plaque segmentation; TOF  time-of-ﬂight; T1W 
tial-Resolution, Multicontrast In Vivo CMR
y hyperintense signals on the 3-D TOF, T1W, and IR TFE
characteristic of regions with dense calciﬁcation. The CMR were
ment phased-array carotid coil. IR TFE  inversion recovery turboHig
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887ntibody to glycophorin A, a protein specific to
rythrocyte membranes, was strongly associated
ith the size of the necrotic core and degree of
acrophage infiltration. The group also noted that
abbit lesions with induced intramural hemorrhage
ad significantly greater lipid content than control
esions without hemorrhage. Other investigators
ave noted that erythrocyte membranes contain
Figure 3. Intraplaque Hemorrhage Is Associated With Rapid Pro
Representative T1W images show rapid progression of atherosclero
column presents matched cross-sectional locations in the carotid ar
lumen area and an increase in wall area are present in each locatio
Signa scanner (Waukesha, Wisconsin) along with the use of a 4-elem
Takaya et al. (13). Bif  bifurcation; CCA  common carotid artery;
abbreviations as in Figure 1.
Figure 4. Intraplaque Hemorrhage Precedes Carotid Plaque Rup
Matched baseline CMR show atherosclerotic plaque in a carotid art
contrast-enhanced, T1W and (D) post–contrast-enhanced, T1W. The
post-contrast T1W image (D) are characteristic of an intact ﬁbrous c
intraplaque hemorrhage. Follow-up CMR E through G (correspondin
show ulceration into the plaque (open arrows). The ulcer manifests
on F, hypointense signal on G, and contrast enhancement on H. Th
were acquired on a 1.5-T GE Signa scanner along with the use of a
Chu et al. (44). Abbreviations as in Figure 1.ore free cholesterol than any other cell in the body
43).
High-resolution, multicontrast MRI can accu-
ately detect the presence and age of carotid in-
raplaque hemorrhage (13,17,20). Prospective
MR studies have shown that hemorrhage into the
arotid atherosclerotic plaque is associated with a
apid increase in plaque burden and lipid-rich
ssion of Carotid Atherosclerotic Plaque
ith intraplaque hemorrhage in the right carotid artery. Each
from baseline (A) and 18 months later (B). A marked decrease in
the second examination. The CMR were acquired on a 1.5-T GE
t phased-array carotid coil. Reprinted, with permission, from
 external carotid artery; ICA  internal carotid artery; other
ith minimal luminal stenosis: (A) 3-D TOF, (B) T2W, (C) pre–
ooth luminal contour (arrow, A) and the enhancing band on the
Hyperintense signals on images A, B, and C suggest presence of
o images A through C, respectively, in sequence and location)
a hyperintense signal on E, mixed hyper- and hypointense signal
gnal pattern suggests turbulent ﬂow within the ulcer. The CMR
ement phased-array carotid coil. Reprinted, with permission, fromgre
sis w
tery
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888ecrotic core size and a decrease in lumen volume
Fig. 3). Furthermore, lesions that had intraplaque
emorrhage at baseline had a greater probability of
epeated intraplaque hemorrhage at 18 months
13). Rapid progression and the destabilization of
laque driven by the intraplaque hemorrhage can
et the stage for subsequent plaque rupture (44)
Fig. 4).
laque inﬂammation. Inflammation has been de-
cribed to be an important component of unstable
therosclerotic plaque, whether in the coronary or
he carotid vessels, because it contributes to necrotic
ore size, plaque angiogenesis, and thinning of the
brous cap through the release of potent matrix
etalloproteinases (MMPs) (45,46). Regions of the
laque with high-density macrophages are reported
o contain MMPs; some MMPs are co-localized
ith cleaved collagen (46,47). Therefore, recent
Figure 5. Carotid Plaque Inﬂammation
Plaque with histologically conﬁrmed inﬂammation of the ﬁbrous ca
enhanced cardiac magnetic resonance (DCE CMR), with high transfe
vessel wall boundary) and along the lumen boundary (inner bound
orrhage within the lipid-rich necrotic core red. Immunocytochemist
dance of macrophages in the ﬁbrous cap. Arrows indicate the sten
time points, with a separation interval of 15 s between time points
0.1 mmol/kg body weight) was injected at a rate of 2 ml/s. All CMR
4-element phased-array carotid coil.mphasis has been placed on macrophages as the
rimary component of rupture.
Contrast enhancement in carotid atherosclerotic
laques has been observed in recent CMR investi-
ations after the injection of a gadolinium-based
ontrast agent (18,21–24,36,48) (Fig. 5). Strong
ontrast enhancement suggests the presence of a
ascular supply to the plaque and increased endo-
helial permeability that facilitates the entry of the
ontrast agent from the blood plasma. Because
eovasculature growth into the plaque and in-
reased endothelial permeability are associated with
laque inflammation, plaque enhancement has been
onsidered a sign of inflammation (36). Because
laque inflammation may have multiple effects that
eaken plaque structural integrity, contrast-
nhanced CMR may be a tool for detecting plaque
nflammation before fibrous cap disruption.
ows a strong enhancement pattern by dynamic contrast-
nstant (green) in the adventitial vasa vasorum (near the outer
demarcating red lumen region). Movat pentachrome stains hem-
ith HAM 56, an antibody to human macrophages, shows an abun-
lumen of the internal carotid artery. DCE CMR was collected at 10
olinium-based contrast agent (Omniscan, GE Medical Systems;
re acquired on a 1.5-T GE Signa scanner along with the use of ap sh
r co
ary
ry w
otic
. Gad
we
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889Dynamic CMR of contrast enhancement per-
its quantitative analysis of contrast media ki-
etics. Uptake is characterized by a parameter for
Figure 6. High Shear Stress Associated With Subsequent Carotid
(A) Matched T1W images with and without superimposed vessel w
Baseline images show intraplaque hemorrhage (teal) within a large
low-up CMR show the development of a large ulcer (purple) in the
GE Signa scanner along with the use of a 4-element phased-array c
lumen geometry of a carotid bifurcation including plaque segmenta
ulcer (B). The average WSS at baseline in the carotid bifurcation wa
WSS. Co-localization of high WSS regions at baseline to the site of s
ing the relationship between hemodynamic variables, plaque composi
Groen et al. (54). WSS  wall shear stress; other abbreviations as in Figureractional plasma volume (vp) and by a transfer
onstant (Ktrans) that reflects blood supply, vessel
ermeability, and the extracellular space (23,36).
aque Rupture
gmentation at baseline (top) and 10-month follow-up (bottom).
-rich necrotic core (blue). Matched locations on 10-month fol-
ximal internal carotid artery. The CMR were acquired on a 1.5-T
id coil. (B) Baseline wall shear stress mapped at baseline 3-D
(A). Plaque segmentation at 10-month follow-up, including the
 2.0 Pa, and the site of ulceration was observed at the highest
equent ulceration shows the utility of serial CMR in studies examin-
and future plaque disruption. Reprinted, with permission, fromPl
all se
lipid
pro
arot
tion
s 3.2
ubs
tion,1.
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890ecause these factors are all modulated by the
nflammatory process, kinetic modeling has been
uggested as a means for characterizing the effects
f plaque inflammation. The integrated area un-
er the enhancement versus time curve has also
een used to characterize enhancement dynamics
n plaque (49).
Studies involving dynamic CMR in carotid ath-
rosclerotic plaques have shown that vp correlates
trongly with histologically determined neovascula-
ure content (23), a key portal for the entry of
nflammatory cells into the atherosclerotic plaques.
n subsequent studies, Ktrans has emerged as the
referred marker of plaque inflammation. In a study
f 27 patients with histologic results, Ktrans corre-
ated with macrophage (r  0.75, p  0.001),
eovasculature (r  0.71, p  0.001), and loose
atrix (r 0.50, p 0.01) content (36). In another
tudy of 20 subjects, Ktrans was associated with
erum markers of inflammation and pro-
nflammatory risk factors, including high levels of
Figure 7. CFD Reproduce Blood Flow Through Reconstructed Ge
A to C show a 3-dimensional reconstruction of a diseased carotid a
carotid artery. Plaque components include a lipid-rich necrotic core
matrix (purple). A computational mesh (C) was built based on the
(D) The ﬂow velocity ﬁeld for various cross-sectional slices. The corr
artery is subjected to higher wall shear stress forces than the external c-reactive protein, low high-density lipoprotein,
nd smoking (48).
However, there is overestimation of neovascula-
ure as measured by dynamic CMR versus histol-
gy. This overestimation suggests the presence of
nterstitial volumes undergoing very rapid exchange
f the contrast agent with the blood plasma. Any
uch regions that come to equilibrium within 1 time
rame of the dynamic sequence will be indistin-
uishable from blood and therefore included in vp.
evelopment of advanced techniques that also
uantify this rapid exchange may lend further in-
ight into the kinetics of contrast agents in plaque.
Another contrast agent used in plaque imaging
ses ultrasmall particles of superparamagnetic iron
xide, which have been shown to accumulate in
acrophages within atherosclerotic plaques and to
ead to characteristic losses in signal intensity on
MRs (50). Superparamagnetic iron oxides, how-
ver, require multiple imaging sessions over periods
f 24 h or more (51).
etry of the Carotid Bifurcation
. The plaque extends from the bifurcation into the internal
llow) with intraplaque hemorrhage (dark orange in B) and loose
ial lumen (red). D to F show the result of the CFD simulation.
onding ﬂow streamlines are shown in E. The internal carotidom
rtery
(ye
arter
esparotid artery (F). CFD  computational ﬂuid dynamics.
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891igh shear stress. It is well known that high shear
tress can destabilize the vascular wall (Figs. 6A and
B). Shear stress acting on the vessel wall plays an
mportant role in many processes in the cardiovas-
ular system primarily focused on the regulation of
essel lumen and wall dimensions. There is ample
vidence that atherosclerotic plaques are generated
t low shear stress regions in the cardiovascular
ystem (52). In addition, plaque rupture has been
ore frequently observed at the proximal, upstream
ide of the site of maximal stenosis, which is
xposed to higher wall shear stress (WSS) (53). It is
lso hypothesized that high WSS at the upstream
ide of the plaque has a biological effect on the
brous cap by inducing antiproliferative activity by
ndothelial cells and therefore may enhance plaque
ulnerability (52–55).
To quantify WSS, computational fluid dynamics
odels are built with realistic boundary conditions.
maging techniques such as CMR provide informa-
ion regarding vascular geometry and inflow condi-
ions. Figure 7 illustrates a computational fluid
Figure 8. Fibrous Cap Rupture in Atherosclerotic Carotid Plaque
The bright-blood 3-dimensional TOF image shows a distinct disrupt
rupture on both the T2W and CE T1W images indicates the presenc
1.5-T GE Signa along with the use of a 4-element phased-array caro
based contrast agent (Omniscan, GE Medical Systems) per kilogram of bynamics model of an atherosclerotic internal ca-
otid artery. After generating the computational
esh, the shear stress field acting on the luminal
urface is computed from the velocity field. Al-
hough this approach is commonly accepted (54), it
s still unclear how variability in geometry recon-
truction and restricting assumptions on blood rhe-
logy or vessel wall compliance may affect the
ccuracy of the results.
Phase-contrast CMR, however, is a promising,
oninvasive technique for determining various in
ivo blood flow characteristics. The WSS of the
arotid artery can be assessed semiautomatically
ith good to excellent reproducibility without in-
erobserver or intraobserver variability using model-
ased segmentation of phase-contrast CMR by
etermination of flow volume and maximum flow
elocity in cross-sections of these vessels (56).
owever, WSS is site specific, a finding that
pposes the notion that physiological WSS values
re maintained at a constant magnitude in all parts
f the arterial system. Among the WSS values
of the ﬁbrous cap (arrow). The hyperintense area adjacent to the
f inﬂammation and neovasculature. The CMR were acquired on a
coil. For CE T1W image acquisition, 0.1 mmol of a gadolinium-ion
e o
tidody weight was injected. Abbreviations as in Figure 1.
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892btained at the same site by different investigators,
here is qualitative agreement. However, differences
xist in absolute values mainly because of the
ependence on the method used to obtain WSS
alues from velocity data (57,58). Large variations
n absolute WSS levels are also reported within one
pecies and between species (59).
dentification of Luminal Surface Disruption
ibrous cap rupture and thrombus. Rupture of the
brous cap, with the resultant exposure of thrombo-
enic subendothelial plaque constituents, is believed to
e the critical event that leads to thromboembolic
omplications in atherosclerotic carotid artery disease
5–7). Histopathology studies have shown that the
revalence of carotid plaque rupture was significantly
igher among patients with a past history of an
schemic neurological event (5–7,60). Disrupted
laques in patients affected by stroke were character-
zed by the presence of a more severe inflammatory
nfiltrate compared with that observed in the transient
schemic attack and asymptomatic groups (6).
High-resolution CMR with a 3-dimensional
OF protocol is capable of distinguishing intact,
hick fibrous caps from intact thin and disrupted
aps in atherosclerotic human carotid arteries in
Figure 9. Carotid Artery Ulceration and Thrombus Formation
A surface disruption is clearly visible on TOF and T1W images. The
caused by the inﬁltration of blood and contrast into the thrombus
Medical Systems; 0.1 mmol/kg body weight) was injected for CE T1
disruption and subsequent thrombus formation. All CMR are acquir
array carotid coil. PDW  proton density-weighted; other abbreviationsivo (8,16) (Fig. 8). With the addition of contrast-
nhanced T1-weighted sequence, magnetic reso-
ance can more readily identify the intact, thick
brous cap (18) (Figs. 1 and 4). Identification of
brous cap rupture with CMR is highly associated
ith recent transient ischemic attack or stroke (8).
lceration and thrombus. Studies of carotid endarter-
ctomy specimens have shown that plaque ulceration
nd thrombosis are more prevalent in symptomatic
atients (5–7). Ulceration is more common in symp-
omatic patients regardless of side of carotid symp-
oms, whereas thrombus is associated with ipsilateral
ymptoms and plaque ulceration (5). A thrombotically
ctive carotid plaque associated with high inflamma-
ory infiltrate was observed in 71 of 96 (74.0%)
atients with ipsilateral major stroke compared with
2 of 91 (35.2%) patients with transient ischemic
ttack (p  0.001) or 12 of 82 (14.6%) patients who
ere without symptoms in a study (6).
Case studies have shown promise in the detec-
ion of carotid atherosclerotic ulceration using
ultisequence cross-sectional CMR (44,61)
Figs. 9 and 10). Adding longitudinal black-
lood MRA to multisequence high-spatial-
esolution cross-sectional CMRs can increase the
bility of CMR to identify carotid plaque ulcer-
tion (62) (Fig. 11).
cent-shaped high signal on the PDW, T2W, and CE T1W images is
g the disruption. Gadolinium-based contrast agent (Omniscan, GE
age acquisition. Histology from the same location conﬁrms the
n a 1.5-T GE Signa along with the use of a 4-element phased-cres
ﬁllin
W im
ed oas in Figure 1.
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893alciﬁed nodules. Calcified nodules were first re-
orted in acutely thrombosed coronary arteries, but
ave since been reported in carotid arteries. Surface
odules can have exposed thrombogenic surfaces or
an be encapsulated (63). Transverse CMRs show
Figure 10. Carotid Artery Plaque Ulceration
Although image quality is marginal, the large surface ulceration is c
CMR). Histology conﬁrms the presence of a large ulceration into a f
GE Signa along with the use of a 4-element phased-array carotid co
based contrast agent (Omniscan, GE Medical Systems; 0.1 mmol/kg
DCE  dynamic contrast-enhanced; H&E  hematoxylin and eosin;
Figure 11. Progression of Carotid Plaque Ulceration
Cross-sectional CMR and oblique black-blood magnetic resonance a
irregular surface of the carotid artery at the bulb containing a pene
asterisk. The TOF image obtained 2 years later shows a marked inc
ation (arrow). All CMR were acquired on a 1.5-T GE Signa along wit
in Figure 1.he usefulness of TOF in the multisequence mag-
etic resonance protocol for detecting nodules that
resent with the same hypointense signal as the
ackground blood in black-blood sequences (64)
Fig. 12).
ly visible on all contrast weightings (T1W, PDW, T2W, and DCE
, cholesterol-laden necrotic core. All CMR were acquired on a 1.5-T
he DCE CMR was obtained after the injection of a gadolinium-
y weight injected at a rate of 2 ml/s using a power injector).
 internal carotid artery; other abbreviations as in Figure 1.
graphy (BB MRA) collected at baseline and at 2 years show the
ing ulcer (chevron). The internal carotid artery is indicated by the
e in signal from baseline illustrating the enlargement of the ulcer-
e use of a 4-element phased-array carotid coil. Abbreviations aslear
atty
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894ummary
his review shows the value of high-spatial-
esolution, multicontrast-weighted CMR techniques
n the identification of the disruption-prone and
isrupted carotid atherosclerotic plaque. Based on
hese histologically verified techniques, we highlight
laque features that are associated with rapid progres-
ion, surface disruption, and an increased risk for
ubsequent ischemic events. These features include
he necrotic core, intraplaque hemorrhage, the thin
nd ruptured fibrous cap, ulceration, and calcified
odules. In addition, CMR lends itself to collecting
nformation on WSS that may influence both rupture
Figure 12. Calciﬁed Nodules of the Carotid Atherosclerotic Plaq
Cross-sectional CMR show the usefulness of the multicontrast CMR
with irregular lumen boundaries that are not well deﬁned on T1W,
tion. Histologic specimens show that the material intruding into the
labeled on the TOF image. All CMR were acquired on a 1.5-T GE Sig
Abbreviations as in Figures 1 and 9. Reprinted, with permission, fro2006;1:293–301.
thrombosis, ulcera
pathogenesis. StrokWe expect that new and continuing advances in
MR technology, such as higher field strength, ded-
cated phased-array coils for higher signal-to-noise ratio
nd larger coverage of carotid artery, multislice motion-
ensitized driven-equilibrium turbo spin-echo sequences
o improve suppression of plaque-mimicking artifacts
65), and 3-dimensional isotropic sequences for better
uminal surface and plaque delineation (66), will provide
ven more tools to better characterize the vulnerable
therosclerotic carotid plaque.
eprint requests and correspondence: Dr. Chun Yuan,
ascular Imaging Laboratory, 815 Mercer Street, De-
artment of Radiology, University of Washington, Box
58050, Seattle, Washington 98109. E-mail: cyuan@
ocol. The TOF image shows 2 distinct areas (arrows A and B)
, and T2W images and are consistent with juxtaluminal calciﬁca-
en are calciﬁed nodules. Boxes A and B correspond to areas
along with the use of a 4-element phased-array carotid coil.
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